The vertebrate inner ear develops from initially 'simple' ectodermal placode and vesicle stages into the complex three-dimensional structure which is necessary for the senses of hearing and equilibrium. Although the main morphological events in vertebrate inner ear development are known, the genetic mechanisms controlling them are scarcely understood. Previous studies have suggested that the otic placode is induced by signals from the chordamesoderm and the hindbrain, notably by fibroblast growth factors (Fgfs) and Wnt proteins. Here we study the role of Fgf8 as a bona-fide hindbrain-derived signal that acts in conjunction with Fgf3 during placode induction, maintenance and otic vesicle patterning. Acerebellar (ace) is a mutant in the fgf8 gene that results in a non-functional Fgf8 product. Homozygous mutants for acerebellar (ace) have smaller ears that typically have only one otolith, abnormal semi-circular canals, and behavioral defects. Using gene expression markers for the otic placode, we find that ace/fgf8 and Fgf-signaling are required for normal otic placode formation and maintenance. Conversely, misexpression of fgf8 or Fgf8-coated beads implanted into the vicinity of the otic placode can increase ear size and marker gene expression, although competence to respond to the induction appears restricted. Cell transplantation experiments and expression analysis suggest that Fgf8 is required in the hindbrain in the rhombomere 4-6 area to restore normal placode development in ace mutants, in close neighbourhood to the forming placode, but not in mesodermal tissues. Fgf3 and Fgf8 are expressed in hindbrain rhombomere 4 during the stages that are critical for placode induction. Joint inactivation of Fgf3 and Fgf8 by mutation or antisense-morpholino injection causes failure of placode formation and results in ear-less embryos, mimicking the phenotype we observe after pharmacological inhibition of Fgfsignaling. Fgf8 and Fgf3 together therefore act during induction and differentiation of the ear placode. In addition to the early requirement for Fgf signaling, the abnormal differentiation of inner ear structures and mechanosensory hair cells in ace mutants, pharmacological inhibition of Fgf signaling, and the expression of fgf8 and fgf3 in the otic vesicle demonstrate independent Fgf function(s) during later development of the otic vesicle and lateral line organ. We furthermore addressed a potential role of endomesomerm by studying mzoep mutant embryos that are depleted of head endomesodermal tissue, including chordamesoderm, due to a lack of Nodal-pathway signaling. In these embryos, early placode induction proceeds largely normally, but the ear placode extends abnormally to midline levels at later stages, suggesting a role for the midline in restricting placode development to dorsolateral levels. We suggest a model of zebrafish inner ear development with several discrete steps that utilize sequential Fgf signals during otic placode induction and vesicle patterning. q
Introduction
The vertebrate inner ear contains the main sensory apparatus for detection of sound and gravitational stimuli. It develops from the otic vesicle or otocyst, and much of its structural complexity originates at early developmental stages. In the embryo, the otocyst forms from the otic placode, an ectodermal thickening adjacent to the hindbrain during early somitogenesis stages (Fritzsch et al., 1998; Baker and Bronner-Fraser, 2001; Whitfield et al., 2002) . Transplantation studies suggested that the placode is induced by a signal from neighbouring hindbrain (Harrison, 1935; Stone, 1931; Waddington, 1937; Woo and Fraser, 1998; Yntema, 1955) , but the nature of the inducer(s) was controversial (Chisaka et al., 1992; Deol, 1964; McKay et al., 1996) . Embryological and molecular evidence suggested that successive waves of inducing signals overlap in time and/or space during ear induction (Jacobson, 1966; Groves and Bronner-Fraser, 2000; Baker and BronnerFraser, 2001 ). Previous studies suggest that both the hind-brain and the mesoderm can induce an otocyst, but that the otocyst will not differentiate unless hindbrain is adjacent to it for a critical time period (Harrison, 1935 (Harrison, , 1945 Jacobson, 1963a Jacobson, , 1966 Yntema, 1950 Yntema, , 1955 . Furthermore, no single gene is known that gives rise, when mutated, to an ear placode-less phenotype either in mouse (Steel, 1995) or in zebrafish (Malicki et al., 1996; Whitfield et al., 1996 Whitfield et al., , 2002 , consistent with the involvement of multiple events during placode formation.
Although the evidence is strong that a signal from hindbrain is involved in induction (reviewed in Van de Water and Represa, 1991; Torres and Giraldez, 1998; Baker and Bronner-Fraser, 2001 ), this signal has been difficult to find. Genetic evidence for hindbrain factors regulating otic development comes from mouse (Deol 1966; Frohman et al., 1993; Cordes and Barsh, 1994; ) and zebrafish mutants (Malicki et al., 1996; Whitfield et al., 1996) . Mouse mutants for Hoxa-1, pax3 or kreisler, among others, and zebrafish mutants such as valentino, mindbomb, snakehead, otter, fullbrain and spiel-ohne-grenzen show primary defects affecting the hindbrain and associated inner ear defects (Chisaka et al., 1992; Cordes and Barsh, 1994; Epstein et al., 1991; Lufkin et al., 1991; Moens et al., 1996 Moens et al., , 1998 Burgess et al., 2002) . The hindbrain is therefore believed to influence the development of the inner ear either directly or indirectly.
In several vertebrates, fibroblast growth factor 3 (Fgf3) is expressed in rhombomeres (rh) adjacent to the site of initial ear placode formation (Wilkinson et al., 1988; Mahmood et al., 1995; McKay et al., 1996; Phillips et al., 2001; Raible and Brand, 2001; Maroon et al., 2002) . Fgfs in general function in several important cell interaction and inductive events. Fgf3 is expressed in the hindbrain and is able to induce ectopic formation of vesicles expressing some otic markers (Vendrell et al., 2000) . Moreover, antisense oligonucleotide inhibition of Fgf3 caused defects in otic vesicle formation but not placode induction , and Fgf2 or Fgf3-coated beads can elicit formation of otic vesicles at early neural plate stages in Xenopus . Target genes for Fgf-signaling, like sprouty2, erm and pea3, are expressed in the otic placode during induction stages and require Fgf signaling for their expression (Chambers and Mason, 2000; Raible and Brand, 2001 ). However, a 'knock-out' of Fgf3 in the mouse causes only a mild ear phenotype, variable disruption of the endolymphatic duct (Mansour et al., 1993; McKay et al., 1994) . These studies suggested that Fgf3 might be dispensable during early inner ear induction and positioning. More recent evidence implicated chick Fgf19 signaling in otic placode induction, which may signal from the paraxial mesoderm adjacent to the hindbrain or from the hindbrain primordium itself (Ladher et al., 2000) , raising the possibility that Fgf3 might mimic the action of Fgf19 or other Fgfs in misexpression assays.
Morphologically, early development of the zebrafish inner ear is very similar to inner ear development of other vertebrates (Haddon and Lewis, 1996; Fig. 1) . Shortly after it becomes visible around 16 h of development, the ear placode forms the ovoid-shaped otocyst by cavitation. Within it, sensory patches with overlying otoliths form at each pole which then develops into sensory maculae containing numerous mechanosensory hair cells. Neuronal precursors delaminating from the ventral aspect of the otocyst form the statoacoustic (VIIIth) ganglion. In certain positions, the otocyst wall grows inwards forming epithelial protrusions that fuse at their tips, thus subdividing the vesicle and initiating the formation of the semicircular canals. The small islands of hair cells, or cristae, which form at the base of the semicircular canals are thought to detect angular acceleration. After about 1 week, all major components of the inner ear are present.
The optical clarity and experimental accessibility of zebrafish embryos has allowed the isolation of numerous mutants affecting different aspects of development or function of the inner ear (Malicki et al., 1996; Riley and Grunwald, 1996; Whitfield et al., 1996) . Only a few of these mutants affect the initial formation of the otic vesicle. Acerebellar (ace) is a loss-of-function mutant in the gene encoding the Fgf8 signaling protein, and affects morphology of the inner ear Reifers et al., 1998) . Here we study the activity and function of Ace/Fgf8 and Fgf3 in detail, and of Fgf signaling more generally, in development of the inner ear. Our work partially confirms and extends the results of two other independent studies Maroon et al., 2002) . Similar to these studies, we find that pharmacological inhibition and morpholino-antisense-induced knock-down (Nasevicius and Ekker, 2000) of fgf3 and fgf8 in wild-type and ace mutant backgrounds reveals that Fgf3 and Fgf8 are redundantly required for early ear placode formation. We furthermore find that this requirement includes onset of pax8 expression as the earliest known marker of otic development, as well as other markers. In addition, we provide evidence from cell transplantation studies showing that Fgf8 is required in the hindbrain including rhombomere 4, a site of fgf8 and fgf3 expression, in close neighbourhood to the forming placode. Consistent with the results of our transplantation experiments, and differing from the results obtained by Phillips et al. (2001) , we find that placode induction can proceed largely normally in the absence of cephalic endomesoderm in embryos lacking Nodal-signaling. We also find that Fgf8 is sufficient for normal induction of the ear placode in a subset of the ectoderm, and that Fgf's function independently of early induction again during later stages in patterning the otic vesicle. We suggest that Fgf8 and Fgf3 are bonafide hindbrain-derived inducers of inner ear development and differentiation that induce otic placode formation and control patterning of the otic vesicle at later stages.
Results

Morphological development in the inner ear requires ace/fgf8
In wild-type embryos, the otic placode becomes first visible around 16 h of development as a thickening of the ectoderm which then cavitates to generate the otic vesicle containing two otoliths in stereotype locations at the opposite end of the vesicle (Figs. 1A,C) . Ear development in homozygous ace mutants (ace 2 ) is morphologically abnormal from the beginning, since the size of the otic placode and vesicle is variably reduced to about half the wild-type size ( Fig. 1B ; Brand et al., 1996) . At 28 h, 50% of ace 2 ears (n ¼ 157) have only one otolith, and even if both are present, they are typically misplaced and very close to or even touching each other (Figs. 1D,F) . In 24% of the mutants, the single otoliths are of abnormal shape, suggesting that they might result from the fusion of the otoliths (see below). The epithelial protrusions subdividing the vesicle into semicircular canals (scc) are abnormal in 40% of ace 2 ears (n ¼ 120); they usually arise in abnormal positions and some protrusions are missing. The protrusions often fail to elongate and fuse . However, ears with only one otolith can develop a relatively normal scc system and vice versa, suggesting independent functions for Ace/Fgf8 in different parts of the inner ear. Towards later stages of development, ace 2 ears become increasingly normal compared to the wild-type, although the morphological defects always remain apparent (see Figs. 1G ,H, and below).
Abnormal behavior of ace/fgf8 mutants
Abnormalities of the vestibular system are often linked to abnormal motor behavior, and indeed the morphological defects of ace 2 larvae are associated with abnormal behavior. On day 5 of development, wild-type larvae have straight tails, inflated swim bladders, and swim dorsal side up. Sibling mutant larvae typically have a slightly undulated tail and swim or lie on their sides. In addition, ace 2 larvae react abnormally to tactile stimuli: wild-type embryos, upon touching the head or tail with a blunt glass capillary, move straight for at least one full body length, or dash off altogether. In contrast, 80% of the ace 2 larvae (n ¼ 54) do not escape but rather circle on the spot. Such circling behavior often reflects a dysfunction of the vestibular system (Nicolson et al., 1998) . In addition, ace 2 larvae appear less sensitive to stimulation on the head than on the tail, whereas wild-type larvae react to both stimuli with a similar escape response. In response to a vibrational stimulus (gentle tapping on the rim of the petri dish) ace 2 larvae hardly react: 80% (n ¼ 48) fail to swim away from the position of the vibrational stimulus as wild-type larvae normally do. A total of 38% of ace 2 embryos (n ¼ 48) respond only by half a turn, and 43% (n ¼ 48) do not move at all. Given the absence of the cerebellum and abnormal brain development in ace 2 , these behavioral defects probably have multiple origins, but we note that they are also consistent with the defects in the auditory-vestibular and lateral line system described below.
fgf8 expression in the otic vesicle
We examined fgf8 expression by in situ hybridization (ISH) during ear development, and compared it to expression in ace 2 ears. Importantly, fgf8 is initially not expressed in the forming placode itself (see Section 2.4). In the otic vesicle, expression is first observed from 18 h of development onwards. fgf8 is expressed in an anterior patch from which the anterior macula will develop and more weakly and transiently, at the posterior-medial pole (Figs. 2A,B) . Anterior expression is initially normal in ace 2 compared to wild-type otic vesicles. Posterior expression is extinguished in wild type vesicles at 24 h, but remains detectable in some ace 2 vesicles until 28 h (Fig. 2D) , giving the vesicle a more symmetric appearance in the mutants. Persistence of posterior pole expression may be due to a general failure in feedback regulation in ace 2 mutants (Reifers et al., 1998; Shanmugalingam et al., 2000; Fürthauer et al., 2001) . At 30 and 48 h of development, fgf8 upregulation is also visible in an apparently increased number of cells in the anterior patch (Figs. 2E-H) . From 48 h onwards, fgf8 is expressed somewhat more strongly in the lumenal cell layer of the anterior macula containing the hair cells, and in the cristae and the epithelial protrusions of the scc system (Figs. 2G-J). The dynamic and spatially ordered expression of fgf8 and the defects observed in ace 2 suggests that fgf8 might function during several distinct steps of otic vesicle differentiation.
Induction of the otic placode requires ace/Fgf8
On a gastrula-stage fate map, the otic primordium arises adjacent to the anterior hindbrain (Kozlowski et al., 1997) , and although fgf8 is not expressed in the forming placode itself, it is expressed during gastrulation and early somitogenesis in close proximity to it. From 70% epiboly onwards, fgf8 is initially expressed throughout the anterior hindbrain and becomes then restricted during early somitogenesis to rhombomere 4 (r4), ventral r2, r1 and the midbrain-hindbrain-boundary (MHB) (Fürthauer et al., 1997; Reifers et al., 1998) . In addition, fgf8 is expressed in the mesodermal heart field underlying the ectoderm just anterior to the site of ear placode formation (Reifers et al., 2000a) . Because fgf8 is not expressed in the otic placode prior to the 18 somite stage, and because placode size is reduced in ace 2 embryos, this suggested that fgf8 could induce placode formation from surrounding tissue. We therefore studied marker gene expression by ISH that reveal the early events of placode formation prior to morphological differentiation (Fig. 3) and performed RNA injections, Fgf8-bead implantations (Fig. 6 ), cell transplantations (Fig. 7) , pharmacological inhibition of Fgf-signaling ( Fig. 9 ) and morpholinoinactivation of fgf8 (Fig. 10) ; together, these studies provide evidence that Fgf8 acts as a placode inducer acting from the hindbrain primordium.
pax2.1 (Krauss et al., 1991) , dlx3 (Ekker et al., 1992) , pax8 (Pfeffer et al., 1998) , eya1 (Sahly et al., 1999) and six4.1 (Kobayashi, 2000) are among the first genes to be specifically activated or upregulated in the otic primordium from late gastrulation stages onwards. The otic placode forms from the primordium by thickening within the dlx3, eya1 and six4.1-expressing stripe bordering on the neural plate (Akimenko et al., 1994; Sahly et al., 1999; Kobayashi, 2000) . In ace mutants, the stripe is unaffected, but expression of all these markers in the placode arising from it occurs in a smaller territory that is at most half the size of the wild-type placode (Figs. 3A-J). pax8 may be the earliest marker for ear placode formation (Pfeffer et al., 1998) , and is expressed in the otic primordium from 85 to 90% epiboly onwards. pax8 expression is initially located adjacent to much or all of the hindbrain primordium, roughly corresponding to fate map position of the inner ear placode. Subsequently, starting at 95% epiboly, pax8 expression becomes progressively restricted to the placodal area (Figs. 3O-R). Double-ISHs with pax2.1, fgf8, pax8 and krox20 probes (Figs. 3Q-X) show that otic placode development, as monitored by pax8 expression, is initiated immediately adjacent to the fgf8-expressing cells in the hindbrain primordium of both wild-type and ace 2 embryos, covering an area approximately adjacent to r2-6 (Figs. 3Q-T). Within the domain of pax8 and pax2.1 positive cells, higher levels of expression then develop next to r4 and r5 (Figs. 3S-V), and by the 8-somite stage, expression of pax2.1 is concentrated next to r4 and r5 (Figs. 3U,V) . Thus, during gastrulation stages, placodal development starts next to most of the hindbrain posterior to r2, and then becomes progressively restricted during early somitogenesis stages to an area next to r4-6, and thus closely follows fgf8 expression during these stages. During later somitogenesis stages, the placode is located predominately next to r5 and r6 (Figs. 3W,X), perhaps due to an anterior shift of the hindbrain that has been described previously (Moens et al., 1996) . In ace 2 mutants, placodal marker expression is initially reduced throughout, then becomes reduced to about halve the normal size transiently next to r4, and expression then persists next to r5 (Figs. 3W,X). pax8 expression is already slightly reduced in the otic primordium of ace mutants at its onset during late epiboly stages, and more strongly so from tailbud stage onwards (Figs. 3O-T) .
Because Fgf8 might act as a survival factor or mitogen on placodal cells, marker gene expression might be indirectly reduced in ace mutants through cell death or altered proliferation of placodal cells. We therefore examined ace 2 embryos using acridine orange to detect dying cells between 70% of epiboly and the 6-somite stage, and with an antiphospho-histone antibody recognizing mitotic cells at tailbud, 5, 10 and 20 somite-stage, and at 24 h, and find no difference to wild-type embryos. Although difficult to quantitate, the amount of dying and of mitotic cells in the otic primordium of ace mutants appears similar to that in wildtype siblings . Once the placode is formed, its cells appear to be of normal size in the mutants (not shown). Together with the gene expression data, this suggests that the defect in ace mutants is due to a failure in otic placode induction.
Requirement for ace/fgf8 during otic vesicle differentiation and neurogenesis
The morphological defects of ace 2 otic vesicles and the fgf8 expression pattern suggested that fgf8, in addition to its function during placode induction, might also function during otic vesicle differentiation. Different parts of the otic vesicle at 20-24 h of development are altered in ace 2 embryos. pax5 expression marks an anterior-medial domain of the otic vesicle, which is reduced in ace 2 , as is mshD expression in the dorsal vesicle (Figs. 4A,B,E,F; Ekker et al., 1992) . otx1 (Li et al., 1994) , gsc (Thisse et al., 1994) and zdk1 (not shown) mark a ventromedial or posterior domains that are almost eliminated in ace mutants (Figs. 4I,J,M,N). Thus, in spite of the reduced vesicle size, many aspects of differentiation proceed normally in ace 2 vesicles on a reduced scale; ventromedial (otx1-positive) and posterior vesicle development may be somewhat more strongly affected than other vesicle parts.
Neurons of the stato-acoustic (VIIIth) ganglion innervating the hair cells, detected by time-lapsing or using a pax2.1-GFP transgenic line, delaminate from the ventral wall of the otic vesicle mainly between 22 and 42 h of development, where they collect underneath the otic epithelium (Haddon and Lewis, 1996; Picker et al., 2002) . Development of the eighth ganglion is affected in ace 2 mutants. In parasagittal sections of 36 h wild-type and ace embryos, ace 2 otic vesicles are reduced in size and the eighth ganglion is much smaller than in wild-type vesicles (Fig. 4Q,R ). neurogenin1 is a marker for early neuronal development (Korzh et al., 1998) . In wild-type embryos neurogenin1 is expressed in the ventral vesicle wall, the forming VIIIth ganglion, and in unidentified cells posterior to it; expression in the VIIIth ganglion is strongly reduced in ace 2 embryos, apparently labelling fewer cells (Figs. 4Q,R). Other markers of early neurogenesis of the eighth ganglion are similarly reduced, like snail2 (Thisse et al., 1995) , six4.1 and nkx5.1 (Figs. 4W-Z; Adamska et al., 2000) . We suggest that the reduced ventral portion of the ace 2 otic vesicle secondarily leads to the smaller size of the eighth ganglion, due to a smaller domain in which neurogenesis can occur.
Hair cell organization is affected in ace
2 /fgf8 mutants
The behavioral defects, abnormal otolith formation and the fgf8 expression suggested a possible role for Ace/Fgf8 in the development of mechanosensory hair cells. msxC is a homeobox gene marking the developing cristae epithelium (Ekker et al., 1992) , and msxC expression in particular of the lateral crista is strongly reduced in ace 2 ears (Figs. 5A,B). We also observed reduction of pax5 expression in the anterior macula, and of zdk1 expression in the posterior macula of ace 2 ears at 24 and 48 h (Figs. 4A,B and data not shown). To analyze hair cell development in ace 2 mutants, we stained the actin-rich stereocilia of the hair cells with fluorescent phalloidin (FITC-phalloidin) on day 5, and analyzed them by confocal microscopy. In ace 2 mutants the sensory patches of the ear are misplaced, especially the three cristae, probably reflecting the distorted morphology of the vesicle (Figs. 5E-G). Also, the number of hair cells in ace 2 ears is variable, but always reduced: on day 5, the wild-type anterior macula contains on average 75^3 (n ¼ 2) hair cells, whereas ace 2 ears contain 55^12 (n ¼ 8). Typically, ace 2 ears with fewer hair cells also have only one otolith that is always either anterior or medial, but never posterior in position. Fig. 5G shows the strongest ace phenotype we observed: this ear has only one otolith, and the number of hair cells of the lateral and posterior cristae is strongly reduced. Moreover, there is only one macula with about 40 hair cells which is located in the medial part of the otocyst, but spreads more anteriorly than the normal medial macula, probably reflecting a fusion of the anterior and the medial macula. The single otolith appears composed of two parts, which may reflect a partial fusion, since otoliths form owing to and in association with the maculae (Riley et al., 1997) . In conclusion, positioning of the sensory patches, hair cell number and otolith development are variably abnormal in ace 2 mutants, probably reflecting a mixture of direct and indirect effects of the lack of fgf8 on otic vesicle and sensory hair cell differentiation.
Placodally-derived mechanosensory hair cells similar to those of the inner ear also occur in the neuromasts of the lateral line, suggesting that they may share common developmental programs indicative of a common evolutionary ancestry (Northcutt, 1986; Jorgensen, 1989; Platt et al., 1989) . We therefore asked if ace 2 larvae have normal neuromasts by staining the neuromast hair cells with the fluorescent dye DASPEI (Whitfield et al., 1996) and counting neuromasts on both sides of the body. Compared to wild-type larvae (25^0 neuromasts, n ¼ 10 sides), ace 2 larvae have strongly reduced numbers of neuromasts (9.7^5 neuromasts per side, n ¼ 30 sides); head neuromasts appear somewhat less strongly reduced (Figs. 5H,J) . In addition, the number of hair cells per neuromast is vari- able, but reduced overall; a representative case is shown in Figs. 5I,K. To determine if lateral line placode formation is occurring normally, we examined eya1, six4.1 and nkx5.1 as markers of the lateral line placode, but expression was unaffected at 24 h in ace 2 embryos, and the placode was in a similar position along the anterior-posterior axis as in the wild type siblings (not shown; eya1 is also normal at 48 h). Thus, lateral line placode formation and migration apparently proceeds normally in ace 2 mutants, but a later, as yet unknown step of neuromast development requires fgf8 function. Consistent with this possibility, the lateral line placode and migrating primordium expresses the Fgf target gene pea3 and Fgf-R1 (Münchberg et al., 1999; Raible and Brand, 2001 ; C. Thisse and B. Thisse, personal communication).
Fgf8 can expand ear placode territory
Abnormal ear development of ace 2 mutants clearly has an early origin during placodal induction stages, and we therefore focussed on understanding the role of fgf8 during the initial, inductive step. Our above analysis indicated that fgf8 is required for induction of a normal sized placode. In order to test whether fgf8 is also sufficient to specify placodal fate, we injected fgf8 mRNA into one side of the embryo, or we implanted Fgf8 protein coated beads prior to placode formation (Figs. 6A,D) . Control injections with lacZ mRNA had no effect. In 7 of 18 injected embryos, fgf8 mRNA injection caused expanded pax2.1 expression in the placodal region at the 12-somite stage. Fgf8 is thus sufficient to stimulate pax2.1 expression ectopically. However, the ability to turn on pax2.1 ectopically in response to Fgf8 misexpression is limited to the ectoderm adjacent to the posterior hindbrain rhombomeres (Figs. 6B,C) . Likewise, Fgf8 beads implanted at shield stage (n ¼ 3=14 that ended up in the hindbrain/otic region) were able to induce expanded ear vesicles in wildtype embryos (Fig. 6E) , that expressed sprouty4, a target gene for Fgf8 signalling, in its normal position at the anterior vesicle pole (Figs. 6F,G). We have however not observed additional ear vesicles in such embryos, suggesting that Fgf8 may act in conjunction with other signals.
Fgf8 is required in the adjacent hindbrain for placode induction
While our mRNA injection and bead implantation experiments showed an expansion of otic territory in response to Fgf8, they did not allow us to address the mechanisms or the normal source of Fgf8 signaling. To test more directly whether Fgf8 emanating from r4 to 6 is responsible for placode induction, we transplanted wild-type cells into the hindbrain primordium of ace 2 mutants at pregastrula stages. The resulting chimaeras were stained for pax2.1 as a placode marker, and with bgal-antibody to detect the location of the transplanted cells (Figs. 7A,B) . pax2.1 staining is also reduced at the MHB in the mutants (Reifers et al., 1998) , allowing us to distinguish wild-type and ace 2 chimaeric embryos. When wild type cells were located in the mesoderm, notochord, ectoderm or in the hindbrain anterior to or posterior to r4-6, no rescue was observed (Figs. 7C-I) . A chimaera was scored as 'rescued' when the size of placodal pax2.1 expression in ace 2 mutants was restored to wild-type size. Using this stringent criterion, rescue was observed in two chimaeras out of 31 with clones located in the hindbrain of ace mutants. In both cases, many (more than about 40) transplanted wild-type cells were located adjacent to the site of placode formation in hindbrain rhombomeres [4] [5] [6] (Fig. 7J) . Two additional clones with few (,10) cells in r4-6 did not show visible rescue (Fig. 7I) , nor did four clones with cells in the otic placode itself (Figs. 7E,F) . In a crossection of the hindbrain-clone in Fig. 7J we observed transplanted cells only in the hindbrain neuroepithelium, but not in the underlying endo-or mesoderm, nor in the otic placode itself (Fig. 7K ), although we are normally able to detect overlapping labeling in the placode, and observed a clear separation between the labeled neural tube cells and the placode prior to flattening of the embryo for the photograph in Fig. 7J . These results strongly suggest that Fgf8 emanating from r4 to 6 during early somitogenesis stages acts to induce otic placode development.
To address the importance of endomesoderm as a source for otic inducers further, we examined embryos lacking cephalic endomesoderm because they are defective in nodal signaling, due to lack of maternal and zygotic oneeyed pinhead product, a crucial cofactor in Nodal signaling (mzoep embryos; Gritsman et al., 1999; Schier and Shen, 2000) . We find that in mzoep embryos otic vesicles do form and express otx1 regionally, although they are typically of abnormal shape (Figs. 8A,B,M,N) . The placode markers pax8, pax2.1 and dlx3 are activated in normal spatial relation to the forming rhombomeres stained with krox20 (Figs.  8C-H) ; however, marker expression is seen at more medial levels from tailbud stages onwards. Because midline tissue is absent develops abnormally in these embryos, this may reflect a repressive influence of the midline on the mediolateral extent of the otic primordium. In the early hindbrain primordium of mzoep embryos, fgf8 and fgf3 are initially activated properly, and fgf3, but not fgf8 expression is maintained in rhombomere 4 (Figs. 8I-L). Consistent with the results of our transplantation experiments, these findings show that otic induction can proceed in the absence of developing endomesoderm.
Successive requirements for Fgf signaling
To confirm the importance of Fgf signaling in otic induction, and to resolve temporal aspects, we treated wild-type embryos for different periods with the pharmacological inhibitor SU5402, which is thought to block all Fgf receptor signal transduction (Mohammadi et al., 1997) . The phenotype of living inhibitor-treated embryos closely resembles that of ace 2 mutants with respect to the developing inner ear, midbrain-hindbrain boundary and heart (Figs. 9A-C; Reifers et al., 2000a; Araki and Brand, 2001 ). We treated embryos for different periods of development and find that Fgf signaling is absolutely required for inner ear induction, and that there is a separate requirement during later differentiation. We used sprouty4 to confirm that the inhibition was complete (Figs. 9D,E,L,M) . Inhibition starting at 70% epiboly, the tailbud or the 2-somite stage, results in complete loss or strong reduction of the expression of pax8, pax2.1 and dlx3 (Figs. 9F-K very tiny or no ears after 24 h (Figs. 9B,C) . pax8 and pax2.1 staining is absent in Fgf-inhibited embryos, and dlx3 is not upregulated in the otic region. Treatment for different times between the tailbud-and 18-somite stage reveals that Fgf signaling is not only required for induction, but also required to maintain expression of pax8, pax2.1 and dlx3 in the otic placode (Table 1 ). In contrast, inhibition after the 18-somite stage up to 24 h has no effect on pax2.1 and dlx3 (Figs. 9N-Q) ; pax8 is downregulated in the otic vesicle after the 10 somite-stage. Thus, between the 1 and 18 somitestage Fgf signaling is critically required for induction and maintenance of otic placode markers.
To test whether Fgf signaling acts again during the vesicle stage, as the fgf8 expression pattern and the phenotype of ace 2 mutants suggested, we inhibited wild-type embryos during otic vesicle development, after the 18-somite stage. sprouty4, pax5, otx1, gsc, msxC and mshD expression is specifically lost from the otic vesicle, with no apparent reduction of vesicle size (Figs. 4D ,H,L,P,T, 5D and 9L,M; Table 1 ), whereas expression of neurogenin1 and snail2 is not affected (Fig. 4T , and not shown). These observations, together with the analysis of the expression pattern and the ace 2 phenotype, show that Fgfs in general, and Fgf8 in particular, function during otic induction and again independently during vesicle stages.
Fgf3 acts together with Fgf8 in ear induction
Fgf inhibition also results in phenotypes that are often stronger and less variable than the ace 2 phenotype, suggesting that other Fgfs are involved in inner ear development in addition to Fgf8. Consistent with this possibility we find that fgf3 (Kiefer et al., 1996) is co-expressed with fgf8 from 85 to 90% epiboly onwards in the hindbrain primordium. Expression is seen initially in a single broad domain in the posterior hindbrain primordium, that at the 2-somite stage becomes confined to r4 where it remains expressed until the 18-somite stage; expression is downregulated by 21 h (Figs. 10A-D; Phillips et al., 2001; Maroon et al., 2002) . Moreover, fgf3, fgf8 and fgf17 (Reifers et al., 2000b ) are coexpressed in the anterior macula at vesicle stages (Figs. 10E-H). Consistent with the notion of redundancy, fgf3 is expressed independently of ace/fgf8 during gastrulation and somitogenesis stages (Fig. 10D) , and fgf3 and fgf17 expres- sion is reduced, but present in ace 2 ears at later stages (Figs.  10F,H) .
To test the notion of redundant Fgf functions further, we determined the function of fgf3 in ear development, by injecting morpholino antisense oligonucleotides (Nasevicius and Ekker, 2000; Mo-fgf3 and Mo-fgf8) into wildtype and into ace mutant embryos. We find evidence that fgf3 and fgf8 are both required for placode induction (Figs. 10I-Z, Table 2 ). Injection of 10 or 15 ng of Mo-fgf3 into wild-type embryos causes a reduction of both ear size and gene expression of the otic markers pax8, pax2.1, dlx3, pax5, mshD, msxC, otx1, goosecoid and neurogenin1, similar to, and at later stages stronger than that observed for ace mutants (Figs. 4C,G,K,O,S, 5C,D and 10M-P, and not shown). At late gastrula stages and 24 h, fgf8 expression is unaffected in these embryos (Figs. 10Y,Z) . In addition, Mo-fgf3 injection causes absence of all epithelial protrusions of the semicircular canals (not shown); further defects are seen in early forebrain development (Raible and Brand, 2001 ). Control injections with 15 ng of a four-basepairmismatched morpholino, or a random sequence morpholino, or of morpholinos directed against a number of unrelated genes, have no such effects (Table 2 and not shown). To test the idea of a possible redundancy between Fgf8 and Fgf3, we co-injected embryos with Mo-fgf3 and Mo-fgf8, which causes either very strong reduction or complete absence of the ear vesicle (n ¼ 73 absent of 96 injected; of the remaining 23 ears, 21 were reduced to about half the size, and two were wild type; Table 2 , Figs. 10Q,R). The same phenotype is observed for ace mutants injected with Mo-fgf3 (n ¼ 20 of 20; Table 1 ; Figs. 9U,V). Expression of pax8 and pax2.1 during placode induction stages is absent or very strongly reduced under those conditions (n ¼ 33 of 38; Figs. 9S,T,W,X). As expected, and as we observed in inhibitor treated embryos, the expression of dlx3 and eya1 is not affected initially, but fails to be maintained after the placode induction stage in these embryos (not shown). Thus, Fgf3 and Fgf8 redundantly specify placode induction.
Discussion
Classical transplantation studies have provided evidence for the existence for a hindbrain-derived signal involved in induction of the ear placode, but the nature of the signal itself, its time of action, whether it serves an inductive or permissive role, and through which downstream target genes it acts have been enigmatic. Our results partly confirm and extend, but also differ in some aspects (see below) from those of two independent reports by Phillips et al. (2001) and Maroon et al. (2002) , describing redundant functions of 
The initial stage of otic induction requires Fgf8 and Fgf3 signaling from the hindbrain primordium
Transfilter experiments have suggested that the induction of the inner ear by the neural tube is due to a diffusible molecule from the neural tube, rather than direct cell-cell contact (Van de Water and Conley, 1982) . Fgf3 and Fgf8 are thought to encode secreted factors, which fits with their proposed role to mediate the hindbrain action on inner ear development. Our analysis of acerebellar/fgf8 and fgf3 function provides clear evidence for an Fgf requirement as a signal acting from the hindbrain: (i) during placodal induction, fgf8 and fgf3 are not expressed in the placode itself, but the expression in the hindbrain during late gastrulation/early somitogenesis-stages fits the expected timing and tissue distribution of the signal. (ii) The expression of placode marker gene expression is reduced to about half the size when fgf3 or fgf8 are singly inactivated, and completely lost when both are inactivated. At otic vesicle stages this results in smaller otic vesicles of the ace mutants or fgf3-morphants. This clearly demonstrates the requirement for Fgf3 and Fgf8 at the appropriate stage for induction. (iii) More generally, our SU5402 inhibition experiments are consistent with an involvement of Fgfs as signals specifically during late-gastrulation to early-somitogenesis stages, the time of initial otic induction. Importantly, inhibition during this period leads, in our hands, to complete loss of otic induction as observed by pax2.1, dlx3 and pax8 expression, whereas Maroon et al. (2002) report that expression of pax8 is not affected until the 2-3 somite stage. The reasons for this different finding is not clear, but we tentatively suggest a lower effective concentration of SU5402 may have been employed by these authors. Alternatively, it may matter whether Fgf signaling is blocked starting at 30% epiboly, as reported by Maroon et al., or from 70% of epiboly (our work), shortly before onset of the endogenous pax8 expression. We were not able to obtain reliable development of embryos when FGF inhibition was started at 30%, due to an independent requirement for Fgf signaling in maintaining early mesoderm development. Phillips et al. (2001) did not study the effects of SU5402 inhibition. We also observe complete loss of pax8 expression when fgf3 and fgf8 are knocked-down via morpholino-injection, as is also reported by Phillips et al. (2001) , and, for one embryo, also by Maroon et al. (2002) . Together, these results argue that already the first stage of placode induction requires Fgf3 1 Fgf8 signaling. Examination of another target gene for Fgf8-signaling during gastrulation, gbx2, after SU5402 inhibition further supports this notion: gbx2 is expressed from tailbud-stage onwards in the otic primordium, only slightly later than pax8, and is completely dependent on Fgf signaling ; M. Rhinn, K. Lun and M.B., unpublished). (iv) Our transplantation chimaeras show that the hindbrain primordium, and in particular r4-6, is the site where wild-type activity of Fgf8 is needed for normal otic induction to occur. Fgf8 is also expressed in the mesendodermal primordium during gastrulation, called the germring, and during early somitogenesis in the lateral plate mesoderm and in the heart field, i.e. close to the forming otic placode (Reifers et al., 1998 (Reifers et al., , 2000a . In accordance with our findings, grafts of rhombomere 4 indicate that this rhombomere carries the capacity of the hindbrain to induce the inner a Size as seen in ace mutants. b All ears had two otoliths. c In these injections more than 50% of the embryos do not develop to the ear vesicle stage. When assayed for pax2.1 expression at eight somites, 18 of 21 embryos had no pax2.1 expression in the ear placode. Control injections with a four pair-base mismatch morpholino against fgf3 or fgf8 ( Araki and Brand, 2001) , and a random sequence morpholino have no effect on ear development. ear (Sechrist et al., 1994) . Transplantation experiments in chick and amphibians suggested that endomesoderm also has otic inducing capacity in the absence of hindbrain tissue (reviewed in Baker and Bronner-Fraser, 2001 ). For instance, in amphibian embryos cardiac mesoderm can act as a source for otic placode specifying signals (Harrison, 1935) . However, in our transplantation chimaeras, wild type cells located in the mesoderm did not rescue the otic induction defect in ace mutants, although it remains formally possible that a larger number of wild-type cells would be needed in the mesoderm to achieve rescue. However, although fgf8 is expressed in the heart field, we do not detect expression there before the 3-somite stage (Reifers et al., 2000a) , i.e. after the onset of ear placode induction. The Fgf8 signal responsible for otic specification around the tail bud stage is therefore unlikely to come from the lateral plate mesoderm. Harrison's observation could however be explained by assuming that heart tissue, due to its Fgf8 expression, can under certain conditions mimic the activity of the endogenouse hindbrain-derived Fgf8, in analogy to what was suggested to explain the ability of olfactory placode tissue (an unlikely endogenous inducing tissue) to induce limb formation (Slack, 1995) .
Otic induction and fgf3 and fgf8 expression occur normally in embryos depleted of endomesoderm
In zebrafish, several mutants affecting early mesoderm development, including mutants lacking chordamesoderm, develop normal otic vesicles, whereas a slight temporal delay can be observed for others (Mendonsa and Riley, 1999) . Specifically, morpholino-inactivation of the Nodalcofactor Oep was reported to strongly delay pax8 expression in the otic primordium in a portion of the embryos to the sixsomite stage . Because morpholinos can cause unspecific side effects, we used in our experiments mzoep embryos to inactivate both the maternal and the zygotic function of oep genetically by homozygosity for an oep null allele (Gritsman et al., 1999) , which should formally give the same result as the morpholino injections. However, in mzoep embryos, which lack cephalic endomesoderm, we did not observe the strong delay of pax8 expression reported by Phillips et al. (2001) , nor of the other early placodal markers pax2.1 and dlx3. Instead, we observe a normal temporal and spatial correlation of their expression sites, and hence the site of placode formation, in relation to the hindbrain. Therefore, genetic depletion of cephalic endomesoderm in mzoep embryos does not suppress otic induction. In addition, we observe normal expression of fgf8 and fgf3 in the early hindbrain of mzoep embryos, which we suggest to be the explanation for normal otic induction in these embryos. We do however observe a medial expansion of otic marker expression, suggestive of a lack of inhibitory signals from the midline, and it will be interesting to determine if this a direct or an indirect effect of Nodal signaling. Overall, our analysis of mzoep embryos supports the notion derived from our transplantation analysis, that mesendoderm is unlikely to be a major source for the otic inducing signal missing in acerebellar mutants or fgf3 1 fgf8 singly-or doubly-inhibited embryos. The endomesodermal primordium may however indirectly influence the formation of the otic primordium, e.g. by controlling patterning of the gastrula neuroectoderm.
Fgf3 as a redundant signal with Fgf8
In spite of the important and early function of Fgf8 in ear induction, acerebellar mutants do have an, albeit smaller, ear, and placodal marker gene expression is reduced to about 50% of the size of the wild type placode. Why? Importantly, blockade of all Fgf signaling by SU5402 inhibition results in the formation of tiny ears, but more typically of no ear at all, suggesting that additional Fgfs are important for otic induction. As reported by Phillips et al. (2001) and Maroon et al. (2002) , we find that Fgf3 acts redundantly with Fgf8. fgf3 is also expressed in hindbrain rhombomere 4 from 85 to 90% of epiboly onwards, and its expression is normal in ace mutants. Fgf3 is therefore available to partially compensate the lack of Fgf8 in ace mutants, and the results of the joint depletion of Fgf8 and Fgf3 suggests this is indeed the case.
In other species Fgf3 (int-2) is involved in inner ear development, but its precise role is unclear. Expression studies in mouse, chicken and Xenopus demonstrate the presence of fgf3 in the hindbrain, close to the otic domain at early somite stages (Wilkinson et al., 1988; Tannahill et al., 1992; Mahmood et al., 1995) ; our studies on fgf3 expression confirm this notion for the zebrafish gene. Functional studies for fgf3 have however given conflicting results. Consistent with a requirement for Fgf3, Hoxa-1 (Hox1.6) mutant mice show a delayed formation and gross morphological alteration of the otic vesicle (Chisaka et al., 1992; Dolle et al., 1993; Lufkin et al., 1991) , and also have reduced Fgf3 expression McKay et al., 1994) . Moreover, Fgf3 antisense oligonucleotides and antiFgf3 antibody inhibit the formation of chick otic vesicles . More recently, overexpression in chick showed that fgf3 is capable of mimicking the activity mediating early induction (Vendrell et al., 2000) . Conceivably, however, the antibody used in this study might also inhibit other members of the Fgf family. Furthermore, targeted disruption of fgf3 in mice does not lead to absence or reduction of the otocyst, but rather affects the differentiation of the otocyst with incomplete penetrance (Mansour et al., 1993) . One possibility is that in gain-of-function situations, Fgf3 mimics all or part of the activity of another Fgf. Our studies on Fgf3 function are consistent with a requirement for Fgf3 in otic induction, but with an important difference. As previously suggested (Kinoshita et al., 1995; Mansour et al., 1993 ) also for other tissues (Fürthauer et al., 2001; Raible and Brand, 2001; Reifers et al., 2000b) , functional redundancy between different Fgf's is a likely explanation: our results show that the full phenotypic requirement, visible as absence of otic vesicle formation and lack of early placodal marker expression, only becomes apparent when Fgf8 and Fgf3 are both inactivated, either through mutation, or by co-injection of morpholinos. Given that the double-inactivated embryos show the same phenotype as the SU5402 inhibited embryos, Fgf3 and Fgf8 together probably account for a large portion or all of the hindbrain-derived placode inducing activity. Interestingly, expression of Fgf8 in the early hindbrain primordium has not been reported in mice and chick, raising the possibility that in these animals another Fgf cooperates with Fgf3 in ear induction, such as Fgf4, which is expressed in the early neuroectoderm in chick (Shamim and Mason, 1999) . Additional Fgfs or other signaling molecules may serve additional functions, for instance Fgf19 might act as a paraxial mesoderm-derived signal in chick otic placode induction; the timing of expression from the 6-somite stage onwards suggests this may be a function following the initial induction (Ladher et al., 2000) . The different phenotypes we observe following fgf8 inactivation and fgf3 inactivation in zebrafish suggests that the two components of the inducing signal are not identical; we have not addressed whether the difference is merely quantitative or also qualitative in nature. Interestingly, Fgf8 bead implantations in chick indicate that not all otic placode markers can be equally activated ectopically in response to Fgf8 alone (Adamska et al., 2001) . Our results suggest that simultaneous expression of Fgf8 and Fgf3, and possibly other factors, is necessary for ectopic activation of the full ear program.
The spatial limitation of the site of placode formation may largely be due to the hindbrain derived Fgf signal, including Fgf8 and Fgf3. A key question is whether Fgf3 and Fgf8 act directly, or via a relay mechanism on preplacodal ectoderm. Several studies demonstrate that Fgf8 is also needed for normal patterning events in the hindbrain around the time of placode induction (Fürthauer et al., 2001; Raible and Brand, 2001; Maves et al., 2002; Reim and Brand, 2002) . Our finding that two ETS-type transcription factors acting downstream of Fgf signaling require Fgf8 for their expression in the ear placode (Raible and Brand, 2001 ) favours in addition the possibility of a direct action. Furthermore, FgfR1, as the likely receptor for Fgf8 (Fürthauer et al., 2001 ) is expressed in the ear (unpublished observations), as are FgfR2 and FgfR4 (C. Thisse and B. Thisse, personal communication) . Although we did not assay for Fgf3 and Fgf8 protein directly, these proteins are presumably present in limiting quantities during ear induction, since our gain of function experiments either with RNA injection, or with bead implantation, could clearly expand the size of the area where otic placode is formed. The area responding to Fgf exposure in our experiments is however limited, defining a zone of competence, which appears to be restricted to a stripe of cells adjacent to the hindbrain. A similar restricted competence was observed for the response to Fgf3 bead implantation in chick (Vendrell et al., 2000) , suggesting that the ability to generate an otic placode in response to Fgf signals is generally limited; see also Baker and Bronner-Fraser (2001) , for further discussion on competence.
A model for Fgf function during early zebrafish ear development
We propose the following sequence of events for Fgfdependent induction and patterning of the zebrafish inner ear (Fig. 11) .
Induction phase
Initially, the entire ventral cephalic ectoderm is competent to respond to placode inducing signals, but competence becomes increasingly restricted (Gallagher et al., 1996; Groves and Bronner-Fraser, 2000; Yntema, 1950) . Our analysis similarly suggest that the cells responding to Fgf signals are to some extent pre-specified. dlx3, eya1 and six4.1 are initially expressed in a stripe of cells at the neural-non-neural ectoderm border that gives rise to several placodes (Akimenko et al., 1994; Kobayashi, 2000; Sahly et al., 1999) , and this expression is not affected by absence of Fgf8 and Fgf3. During otic induction, the placode appears to form from within this stripe (Fig. 11) , concomitant with upregulation of the above genes, and the placode-specific expression of markers like pax8 and pax2.1. At more anterior levels, the olfactory placode is thought to arise from the same stripe (Whitlock and Westerfield, 2000) . These genes are therefore good candidates to define a state of mulitplacodal competence (Jacobson, 1963a , and discussion in Baker and Bronner-Fraser, 2001 ). Importantly, upregulation of dlx3 and eya1 in the otic region fails to occur in the absence of Fgf8 and Fgf3 signaling, suggesting that the transition from a competent to an induced state is deficient in the absence of Fgf8 and Fgf3. This transition does not require the presence of cephalic endomesoderm and its derivatives. We therefore suggest that ear placode is specified after definition of the multiplacodal ground state, with Fgf3 and Fgf8 together defining the signal allowing transition to an otic placode. In agreement with this model, the acquisition of placodal competence is thought to start in the early gastrula or in the midgastrula stage (Gallagher et al., 1996; Jacobson, 1963a; Servetnick and Grainger, 1991) . Then, as otic field specification occurs, the placodal competence becomes restricted to the prospective ear region (Gallagher et al., 1996; Zwilling, 1941) .
Maintenance phase: Fgf's in patterning and differentiation of the otic vesicle
At induction, placode markers like pax2.1, pax8, eya1, dlx3 and six4.1 show relatively uniform expression throughout the placode primordium, arguing that initially there is no distinction between subregions of the placode. After going through this uniform otic ground state, the otic placode becomes polarized, visible for instance by the polar expres-sion of markers like pax5, pax2.1, gsc, fgf8 and others at the vesicle stage. From comparison of gene expression domains at this stage, it has been suggested that these domains might provide the information needed to confer positional information and a cell-type specification code for sense organs in the otic vesicle (Fekete, 1996) , but it is unclear how the domains are initially set up and how they are further elaborated. Our results suggest that Fgf's in general, and Fgf8 and Fgf3 in particular, act a second time in setting up this pattern at the otic vesicle stage. Fgf8 and Fgf3 expression is now detected for the first time in the otic vesicle, at the anterior pole and, for Fgf8 very weakly and transiently, at the posterior pole. This symmetric fgf8 expression is more pronounced in ace mutant vesicles, and ace mutants sometimes even show a fusion of the maculae (macula communis). We cannot rule out that this is simply the consequence of the reduced vesicle size. However, symmetrical arrangements with only two semicircular canal protrusions and with a macula communis is typical for the inner ears of the more primitive myxinoids, whereas the typical split maculae of higher vertebrates are first observed in Petromyzontes (Gegenbaur, 1898; Fritzsch et al., 1998) . The more symmetrical ace mutant phenotype might therefore reflect an atavistic condition of an otic vesicle with symmetric morphological traits. In teleosts a bipartite macula is observed only rarely (e.g. in Chimaera monstrosa), three maculae being the more typical condition (Gegenbaur, 1898) . The basis for this difference in ear organization is not known, but we tentatively suggest, in analogy to the MHB organizer (Sharman and Brand, 1998) , that this involves the development of an ear organizer at the anterior pole of the ear vesicle that utilizes Fgf8, probably in conjunction with other Fgf's, as the signaling molecule. It is interesting to note that in both the MHB and ear vesicle, this also involves otx1 gene function (Morsli et al., 1999) , suggesting that part of the patterning machinery operating in development of the MHB organizer may also act during ear patterning. Ear specific inactivation of fgf8 and otx1 at this stage can be used to address their detailed functions in otic vesicle patterning and differentiation.
Expression of fgf8, spry4, as well as erm and pea3 (Raible and Brand, 2001) correlates at the vesicle stage with defects in otic vesicle patterning, neurogenesis, and abnormal semicircular canal protrusions that we observed in the mutants. Due to the smaller size of the ace vesicle, aspects of these phenotypic traits are likely to be a secondary consequence of the size reduction. The selective inhibition with SU5402 at this stage (from 18 somite-stage onwards) has provided evidence both for such indirect effects, and for likely direct effects of Fgf signalling. Expression of spry4, pax5, gsc, mshD and otx1 is absent after inhibitor treatment, showing that Fgf signaling specifically acts at the vesicle stage in regional subdivision of the vesicle. Similarly, msxC expression in the crista epithelium is affected both in ace mutants and after inhibition. In contrast, neurogenin1 and snail2 (and nkx5.1; Adamska et al., 2000) expression is only affected in ace mutant vesicles, but not after late SU5402 inhibition, showing that the effect on reduction of the VIIIth ganglion is probably a secondary consequence of the reduced ear vesicle size in ace mutants. We therefore suggest that Fgf-dependent patterning of the otic vesicle starts during late somitogenesis/early pharyngula stages (Fig. 11) , and requires Fgf8, probably in conjunction with other Fgf's, to achieve proper patterning of the otic vesicle. At otic vesicle stages additional Fgfs like Fgf17 and Fgf3 are expressed in the same ventro-anterior domain as Fgf8 (Reifers et al., 2000b; this paper) . These fgfs are also not expressed in the ear before the vesicle stage, but may, as we have shown here during placode induction, cooperate with Fgf8 during otic vesicle differentiation. For instance, expression of Fgf8 is upregulated in ace mutant vesicles, probably reflecting the lack of feedback regulation in the mutants (Fürthauer et al., 2001; Reifers et al., 2000b) , whereas spry4 and fgf3 are downregulated, and fgf17 is unaffected (this paper). These data also provide further evidence that Fgf8 is still signaling at the vesicle stage, also in the developing macula, where its function remains to be determined.
Experimental procedures
Zebrafish were raised and kept under standard laboratory conditions at about 278C Westerfield, 1994) . To obtain ace mutant embryos, two heterozygous ace ti282 /1 carriers were crossed to one another. Typically, the eggs were spawned synchronously at dawn of the next morning, and embryos were collected, sorted, observed and fixed at different times of development at 28.58C. In addition, morphological features were used to determine the stage of the embryos, as described by (Kimmel et al., 1995) . In some cases, 0.2 mM phenylthiourea was added to prevent melanization. Isolation and characterization of acerebellar is described in Brand et al. (1996) , Reifers et al. (1998) and Picker et al. (1999) . A fraction of ace 2 larvae die due to abnormal heart development (Reifers et al., 2000a) . For the behavioral studies, we therefore concentrated on larvae with relatively normal morphology and circulation. Mzoep embryos were obtained as described previously (Gritsman et al., 1999) .
In situ hybridization and histology
ISH were done as described in Reifers et al. (1998) . Digoxigenin (DIG) labelled probes were prepared according to manufacturers instructions (Roche). Semithin sections were cut at 1 mm and stained with toluidinblue/methyleneblue as described in Kuwada et al. (1990) .
Fluorescein-phalloidin staining of actin rich stereocilia
The following treatments were done at 48C: 5 day old larvae were fixed in 4% paraformaldehyde (PFA) in phosphate buffered saline (PBS) for 2 days. They were then rinsed and permeabilized for 4 £ 30 min in 2% Triton X-100 (Sigma) in PBS. Embryos were stained with 2.5 mg/ml fluorescein isothiocyanate (FITC)-labelled phalloidin (Sigma) in PBS for 2 h in the dark. The embryos were rinsed several times in PBS over 2 h and fixed in 4% PFA for half an hour and then rinsed in PBS. The ears were dissected out, mounted in PBS and viewed on a scanning confocal microscope.
Daspei live staining of the lateral line hair cells
Five day old embryos were immersed in 1 mM DASPEI (2-(4-dimethyl-aminostyryl)-N-ethyl pyridinium iodide, Molecular Probes) in E2 for 1 h. They were then rinsed several times in E2, anaesthetized with tricaine (0.5 mM 3-aminobenzoic acid ethyl ester, 2 mM Na 2 HPO 4 ), and mounted in methylcellulose for observation.
RNA injections
fgf8, subcloned into pCS21 (Rupp et al., 1994) was linearized and transcribed using the SP6 message machine kit (Ambion). The amount of RNA injected was estimated from the concentration and volume of a sphere of RNA injected into oil at the same pressure settings. Typically, about 25 pg of fgf8 RNA were injected; RNA was dissolved in 0.25 M KCl with 0.2% of phenol red and backloaded into borosilicate capillaries prepared on a Sutter puller. During injection, RNA was deposited into the cytoplasm of two cells stage embryos; in embryos after the first cleavage, the RNA usually stays in the progeny of the injected blastomere, as judged from the often unilateral distribution of control lacZ RNA, as detected with anti-b-gal antibody (Promega, 1:500) after ISH. Embryos were fixed prior to ISH and antibody staining.
Bead implantations, inhibitor treatment, morpholino injections
Bead implantations at shield stage and inhibitor treatments were done as described (Mohammadi et al., 1997; Reifers et al., 2000a) . SU5402 inhibitor (Calbiochem) treatments were done at a final concentration of 16 mM before 24 hpf, or at 8 mM after 24 hpf, diluted into embryo medium from an 8 mM stock in dimethyl sulfoxide (DMSO); control treatments with DMSO dilution without inhibitor had no effect (not shown). Morpholino injections for Mo-fgf8 were done as described in Araki and Brand (2001) , for Mo-fgf3 in Raible and Brand (2001) ; injections with fourbase pair-mismatched (MM) control Mo's had no effect.
